Abstract A tidal bore is a natural and fragile phenomenon, which is of great importance for the ecology of an estuary. The bore development is closely linked with the tidal range and the river mouth shape, and its existence is sensitive to any small change in boundary conditions. Despite their ecological and cultural value, little is known on the flow field, turbulent mixing and sediment motion beneath tidal bores. Indeed, some striking features can be highlighted in two-dimensional simulations, such as large velocity fluctuations and flow recirculation structures. Using Large Eddy Simulation method, the numerical results emphasised the complicated turbulent structures and their unsteadiness under a tidal bore.
Tidal bore of the Garonne river (France). The river flows towards the background of the pictures, whereas the tidal flow propagates towards the foreground of the pictures. a Surfer riding the bore front. b First wave breaking on the left bank (Langoiran-France). c Weak breaking bore (Podensac-France) significant bed erosion and scour take place beneath the bore while suspended material are advected upstream with the tidal bore [4] . However, a tidal bore is a delicate process and it results from a fragile balance between many parameters (e.g. bathymetry, tidal conditions, etc.) [6] . For example, some dredging and river training yielded the disappearance of several tidal bores. To date, very few field observations were conducted [26, [28] [29] [30] [31] often with some limited spatial and temporal resolution, while some recent laboratory experiments brought new insights to the turbulent motion [2, [13] [14] [15] . Nevertheless, the tidal bore processes remain poorly understood today [4] . A recent numerical model based upon the Navier-Stokes equations [8] was compared to laboratory experiments [13] . Some interesting features were observed, but the results lacked a fine mesh grid resolution and accurate numerical schemes.
The goal of the present work is to simulate this unsteady two-phase tidal bore motion using a Large Eddy Simulation (LES) method to gain a further understanding of the tidal bore processes. The numerical data are compared with some detailed laboratory data and the results are discussed. We aim at describing accurately the free-surface behavior and the turbulent flow structure.
Numerical model and validation

Mathematical formulation
An incompressible multiphase phase flow between non-miscible fluids can be described by the Navier-Stokes equations in their multiphase form. In the single fluid formulation of the problem [12] , a phase function C, or "color" function, is used to locate the different fluids standing C = 0 in the outer medium, C = 1 in the considered medium. The interface between two media is repaired by the discontinuity of C between 0 and 1. In practice, C = 0.5 is used to characterize this surface. The governing equations for the Large Eddy Simulation (LES) of an incompressible fluid flow are classically derived by applying a convolution filter to the unsteady Navier-Stokes equations. The resulting set of equations describes the entire hydrodynamics and geometrical processes involved in the motion of multiphase media (Eqs. 1-3):
and
where u is the velocity, C the phase function, t the time, p the pressure, g the gravity vector, ρ the density, μ the dynamic viscosity and μ t the turbulent viscosity. The magnitude of the physical characteristics of the fluids depends on the local phase. They are defined according to C in a continuous manner as:
where ρ 0 , ρ 1 , μ 0 and μ 1 are the densities and viscosities of fluid 0 and 1 respectively. The turbulent viscosity μ t is calculated with the Mixed Scale model [24] , which has proved its accuracy for coastal applications [10, 20] .
Discretization and solvers for the momentum equations
The time discretization is implicit and the equations are discretized on a staggered grid thanks to the finite volume method. A dual grid, or underlying grid [23] , is used to gain an improved accuracy for the interface description, the mesh grid size being divided by two in each direction for the interface tracking. This technique also allows to avoid the interpolations of the physical characteristics on the staggered grids, since the color function is defined on each point where viscosities and densities are needed. The velocity/pressure coupling is solved with a pressure correction method [9] , which consists in splitting the Navier-Stokes system into two stages, a velocity prediction and a pressure correction. The time interval [0, T ] is divided into N equidistant time steps of length t = T /N . The approximate velocity and pressure fields at time t n = n t, (n = 0 . . . N ) are denoted u n and p n respectively. Assuming all quantities are known up to t n , the solution at t n+1 results from the velocity prediction step: Find u n+1 * such that:
followed by the pressure correction step: Find u n+1 and φ n+1 such that:
with:
Considering ρ constant and taking the divergence of (6) gives:
Once φ n+1 is computed, the divergence-free velocity and the pressure are obtained by:
The space derivatives of the inertial term are discretized by a hybrid Upwind-Centered scheme [22] and the viscous term is approximated by a second order centered scheme. The interface tracking is achieved by a Volume Of Fluid method (VOF): i.e. a Lax-Wendroff TVD scheme (Total Variation Diminishing), which is able to handle interface reconnections without interface reconstruction, is used to solve directly the free-surface evolutions [16] . The MPI library is used to parallelize the code. The mesh is partitioned into equal size subdomains to ensure load balancing. Communications between processors are also minimized. The HYPRE parallel solver and preconditioner library is used to solve the linear systems [7] . The prediction and correction steps are solved, respectively, thanks to a BiCGStab solver, associated with a point Jacobi preconditioner, and a GMRES solver, associated with a multigrid preconditioner. The numerical code has already been extensively verified and validated through numerous test-cases including mesh refinement analysis [17, 20] . The accuracy of the numerical schemes and the conservation laws of mass and energy in the computational domain have been accurately verified.
Subgrid-scale model
The Smagorinsky model is usually used in Large Eddy Simulations, but it has been proved to be much too dissipative [24] . In our study, the turbulent viscosity is calculated with the Mixed Scale model [24] .
This model exhibits a triple dependency on the large and small structures of the resolved field as a function of the cut-off length, which makes this model much more efficient than The Smagorinsky model. The eddy viscosity μ t is calculated as follows (Eq. 12):
where S is the resolved deformation rate tensor, C M is the model constant chosen as C M = 0.06, α is a parameter which value varies between 0 and 1. Generally, and in the following, α is taken to be equal to 0.5. The cut-off length of the filter is evaluated as follows:
where x, y and z are the sizes of the mesh grids in the respective directions, and x, y and z, respectively, are the longitudinal, lateral and horizontal coordinates. The quantity q c represents the kinetic energy of the test field extracted from the resolved velocity field through the application of a test filter associated to the cut-off lengthscale > . We choose = 2 , because it is the value which is most used and seems to give the best results [24] . This subgrid kinetic energy is supposed to be equal to the kinetic energy at cut-off q 2 c , evaluated in real space as (Eq. 14):
where the test field velocity (u ) can be evaluated thanks to an explicit test filter applied to the resolved scales, noted (. ) (Eq. 15):
This explicit discrete filtering operation is a linear combination of the neighboring values [24, 25] . A three-dimensional test filter results from the tensorial product of the following mono-dimensional three-points filter (Eq. 16):
This weighted average is obtained by applying the Simpson rule to compute the average of the resolved variable f over the control cell surrounding the ith point. This test field velocity represents the high frequency part of the resolved velocity field. The use of this model does not require any complementary wall model, as the Smagorinsky model does, because the eddy viscosity vanishes when the kinetic energy tends to zero at cut-off.
Validation: a solitary wave colliding a vertical end-wall
Solitary waves are known for having some interesting properties: indeed, such a wave has a symmetrical form with a single hump and propagates with a uniform velocity without changing form. The solitary wave is completely defined for a given depth of water, d, and a dimensional amplitude H . Interactions occurring between solitary waves are of major interest, especially the direct, head-on collision between two waves traveling in opposite directions [17, 19] . Maxworthy [21] experimented head-on colliding waves and showed that the waves reach maximum amplitudes greater than the sum of the initial wave amplitudes. The reflexion occurring when a single wave hits a vertical end-wall was also considered. Su and Mirie [27] developed analytical solutions for calculating the effects of the head-on collision, up to the third order of accuracy. The waves emerging from the collision have been shown to preserve their original identities to the third-order of accuracy. The maximum runup amplitude reached during the collision of the two solitary waves has also been analytically calculated, as a function of both propagating wave amplitudes.
The subscripts R and L refers to the right-and left-going waves, respectively, heading towards each other. = H/d is the relative amplitude of the solitary wave. For two headon colliding solitary waves with their maximum relative heights defined as R and L , the maximum run-up η m is defined by: If we consider two identical solitary waves R = L = , then:
Since the system of two head-on colliding waves of equal amplitude is symmetric about the mid-plane, it can be modelled by a single wave hitting a vertical end-wall [21] . Thus, the solution (18) can be used to show the ability of the numerical tool to reproduce accurately the impact and run-up of a wave on a vertical end-wall. First-order solitary wave theory is used for the initial wave shape and wave velocity [17, 18] .
A systematical study is proposed, the water depth being d = 0.1 m, the amplitudes varying from = 0.1 to = 0.6. The crests are located at x cr est = 1 m at the beginning of the calculation. All calculations are made with the densities and the viscosities of air and water. The numerical domain is 3 m long and 0.2 m high. It is discretized into 600 × 200 regular Cartesian grids. A no-slip condition was imposed at the lower boundary and an open boundary condition is used at the top of the numerical domain. We illustrate hereafter (Figs. 2,  3, 4 ) the different steps of the collision for the case = 0.2, which gives a dimensional amplitude η = 0.02 m and a maximum waveheight z = 0.12 m. The initial wave celerity is c = 1.085 m s −1 . We can see the wave propagating towards the right boundary of the domain (Fig. 4a-c) to reach its maximum run-up z m = 0.14058 m (η m /d = 0.4058) (Fig. 3) at t = 1.80 s, to be compared with the predicted value z m = 0.140206 m (η m /d = 0.40206) (which gives an error of 0.3%).
We show hereafter (Fig. 5 ) the plot of our numerical results compared to those found in literature. We could then observe a very good agreement between our numerical results and those, experimental, numerical and analytical, compiled in [27] . The general trend is followed with a reasonable accuracy. The discrepancies come from the fact that the analytical developments from [27] were performed for head-on colliding waves, without taking into account the friction effects when waves interact with walls. It agrees very well anyway with the published results of wave-wall reflexions [1, 21] . 
Numerical modelling of a breaking tidal bore
The experimental configuration is the generation of a weak positive surge by a rapid partial gate closure at the downstream end of the control volume and its upstream propagation against the initially steady flow [13, 15] .
Presentation of the case study
The numerical configuration consists in an initial rectangular steady flow motion (from the right side of the numerical domain to the left side) with an initial steady velocity (V 0 = 1.021 m s −1 ), impacting a wall boundary located at the left side of the numerical domain. When the initial rectangle of water hits the wall, the water runs-up the wall and splashes down. A breaking bore is then generated and propagates upstream, towards the right side of the numerical domain. The numerical tool has been shown to model accurately the impact and run-up of a wave on a vertical wall in Sect. In the next sections, some large structures will be observed and described: a main recirculation structure observed beneath the bore front and propagating upstream (towards the right side of the numerical domain), and some macroturbulent structures separating for the previous one and propagating downstream (towards the left side of the numerical domain). The structures are generated in sequence, the continuous process of generation exhibiting some regular temporal and spatial frequencies. Figure 7 shows the initial rectangle of water impacting the left, downstream wall, the water running-up the wall and splashing down. The bore then propagates towards the right, upstream side of the numerical domain. Some air entrainment is detailed and large structures are observed under the bore front. The generated bore then propagates upstream towards the right side of the numerical domain. The initial large free-surface deformations are in agreement with the experimental photographs and movies [13] . The celerity of the bore front is approximatively 0.5 m s −1 , that is close to the experimental value of 0.54 m s −1 recorded at x = 5 m. The velocity field, presented in air and water, illustrates the strong agitation generated in the air by the bore generation. Figure 8 shows the free-surface profile plotted against the dimensionless time. Figure 9 presents the dimensionless horizontal and vertical velocity components, V x /V * and V z /V * respectively, as functions of the dimensionless time. All presented profiles have been checked to be established at various longitudinal locations. V * is the shear velocity, experimentally measured V * = 0.044 m s −1 [13] . The horizontal velocity V x is positive in the downstream direction: i.e., from right to left. The bore front passage is associated with a rapid flow deceleration, coupled with a sudden increase in water depth. The numerical data are close of the physical data [13, 15] and qualitatively in agreement with some field data [26] . Some flow reversal (negative values of streamwise velocity) is observed next to the bed (z/d 0 ≤ 0.2 in Fig. 9 ), while this feature is absent from z/d 0 = 0.3. This pattern is associated with some transient flow separation and recirculation [13, 15] . It can also be noted that, next to the bed, the largest vertical velocity magnitudes are observed when the bore front is passing. Moreover, larger vertical velocity variations are present in the upper part of the water column, associated with air entrainment, splashes, free-surface fluctuations and vortical structures present in the roller.
Results
Some air entrainment occurs near the free-surface in the bore roller and some large recirculation structures are observed beneath the bore front, as shown in Fig. 10 . The air bubble entrainment is a well-known feature of breaking tidal bores that is observed in laboratory [13, 15] and in the field (Fig. 1c) . It is believed to be a main source to the tidal bore rumble noise [5] . The large vortical structures (Fig. 10) remain next to the bed as these persisting coherent structures are advected towards the left side of the numerical domain while the breaking bore propagates upstream, towards the right side of the numerical domain. The height of these large eddies can reach up to approximately half of the downstream water depth, at the time of their generation.
A video is available in a digital appendix (Online Resource 1 in Supplementary material). The propagation of the weak breaking bore is shown between x = 6 m and x = 7 m, during 4.732 s (from t = 10.257 s to t = 14.989 s), when it has reached a constant celerity. The streamlines are animated with the free-surface to clearly illustrate the recirculation structures generation. The streamlines are first parallel to the bottom, as the water flows downstream (towards the left side of the movie window). Then, the streamlines rise, indicating the bore front arrival at the left, downstream side of the window movie, and the main large flat-shaped recirculation cell appears. It then grows in size as the water depth suddenly increases. At t 10.8 s, this cell splits in a smaller structure. The main large flat-shaped cell keeps propagating upstream as the recirculation structure separates at t 10.9 s and is released to propagate downstream. At t 11 s, the main cell is splitting again to generate (Fig. 10a) , a structure is about to leave the picture frame at the left side, while another structure is about to be released in the main flow. The three structures are observed to be preceded by the main flat-shaped cell propagating upstream under the bore front. At t 14.45 s (Fig. 10b) , an eddy is advected downstream by the main flow. It is followed by another structure shed by the main cell. An acceleration is observed when the structures separate and go downstream, as they were attached to the main cell propagating upstream. At the right side of the pictures, two other structures can be clearly identified, as they are separating one after the other. is the water depth after the bore passage. Figure 11 illustrates the instantaneous pressure distributions under the breaking tidal bore. The pressure levels are distorted by the presence of the eddies, the cores of the rotating structures being associated with low pressure levels.
Discussion
Both physical and numerical data suggest some energetic turbulent events beneath and after the tidal bore front (Figs. 10, 11) . The structures are generated in sequence below the bore front, the continuous process exhibiting some regular temporal and spatial frequencies. The numerical modelling data show some large vertical velocity variations implying the generation of vorticity behind the bore front. These large-scale vortical structures remain near the bed as the bore propagates upstream and the presence of these persisting, coherent structures implies that a great amount of sediment could be placed into suspension and transported by the main flow. These original results confirm and illustrate the experimental observations identifying for the first time these recirculations under tidal bores [13, 15] .
The preliminary numerical results are limited by two aspects. First, the numerical configuration is two-dimensional. Second, there is a need for some realistic unsteady inflow conditions to be specified at the inlet boundary. Some numerical simulations were tested by generating turbulent inflow data consisting of the time-averaged experimental velocity profile with some superimposed random fluctuations. The generated data do not exhibit any spatial or temporal correlations, and the pseudo turbulence is quickly dissipated. An effective method to generate synthetic eddies on the inlet plane is under implementation [11] .
Conclusion and future work
A Large Eddy Simulation (LES) was performed to investigate the turbulent flow motion of a breaking tidal bore in a two-dimensional configuration. The major result of this ongoing work is the identification of recirculation structures generated in sequence below the front of the propagating tidal bore and advected downstream. The main features of the flow are in accordance with the basic experimental results (weak breaking bore, flow reversal and rapid flow deceleration). A breaking bore with a formed roller was studied specifically. The arrival of the bore roller was marked by a discontinuity of the water depth associated with a sudden longitudinal deceleration. Some interesting features were highlighted, including some transient recirculation structures that must be responsible for some bed erosion and vertical mixing of the water column when a tidal bore propagates upstream in the estuarine zone of a natural river. Some large velocity fluctuations of horizontal and vertical velocity components were observed also during the tidal bore front passage in beneath the following waves (called whelps). The numerical results were found to be in good accordance with experimental data. In the future, the undular tidal bore should also be studied and the physical processes should be compared.
Some 3D numerical developments are undertaken to overcome the limitations of the inlet boundary conditions, to confirm these first observations and to investigate more into details the generation process of the recirculation structures and their three dimensional features. Definitely, any numerical simulation of a natural system does require a 3D simulation technique.
